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Preface 
 
                Ceria based materials have attracted a great deal of interest particularly in 
area of UV shielding, oxide ion conductivity, solid state electrolyte for fuel cells, 
automotive exhaust catalysis, water gas shift (WGS) reaction catalysis and also in 
thermo-chemical water splitting cycles to generate hydrogen. Therefore great deal of 
efforts was devoted to synthesize nanocrystalline ceria and related materials with 
different shape and sizes. For example, hierarchically mesostructured doped CeO2 
showed potential photvoltic response for solar cell applications.  Substitution of lower 
valent metal ions (Ca2+, Gd3+, Tb3+, Sm3+) in CeO2 enhances oxide ion conductivity for 
solid oxide fuel cell applications. Eventhough ZrO2 is a nonreducible oxide, CeO2-ZrO2 
solid solution has attracted a lot of attention in exhaust catalysis because it exhibited 
high oxygen storage capacity (OSC). Noble metal ion (M = Pt4+/2+, Au3+, Rh3+, Pd2+ 
and Ag+) substituted CeO2 (Ce1-xMxO2-δ and Ti1-xMxO2-δ, x = 0.01-0.03) prepared by 
solution combustion method have shown much higher three-way catalytic property 
compared same amount of noble metal impregnated to CeO2. Ionically substituted Pt 
and Au in CeO2 also showed high WGS activity. CeO2-MOx (M= Mn, Fe, Cu, Ni) 
mixed oxides have shown high activity for hydrogen generation by thermal splitting of 
water.  
                In chapter 1, we have discussed recent developments on various synthesis 
strategies of ceria based materials for specific catalytic application.  
                In this thesis, we have explored new route to synthesize Ce1-xMxO2-δ and Ti1-
xMxO2-δ (M = transition metal, noble metal) nanocrystallites. Specifically we have 
addressed the effect of reducible metal ion substitution on the OSC of CeO2 for auto 
exhaust treatment, hydrogen generation and electro-chemical applications. 
                Controlled synthesis of CeO2 and Ce1-xMxO2-δ (M = Zr, Ti, Y, Pr and Fe) 
nanocrystallites by hydrothermal method is presented in Chapter 2. The method is 
based on complexation of metal ion by diethylenetriamine (DETA) or melamine and 
the simultaneous hydrolysis of metal ion complexes in hydrothermal condition. Size of 
the crystallites can be controlled by varying the time and temperature of the reaction. 
15% Fe3+ ion substituted CeO2 (Ce0.85Fe0.15O2-δ) nanocrystallites have shown higher 
oxygen storage capacity than Ce0.5Zr0.5O2 at lower temperature. A brief description of 
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material characterization techniques such as powder X-ray diffraction (XRD) and 
Rietveld refinement of structure, high resolution transmission electron microscopy 
(HRTEM) and X-ray photoelectron spectroscopy (XPS) is presented. The home-built 
hydrogen uptake measurement system for OSC study and temperature programmed 
catalytic reaction system with a quadrupole mass spectrometer and an on-line gas-
chromatograph for gas analysis is also described in this chapter. 
                   In chapter 3, hydrothermal synthesis of Ce1-xCrxO2+δ (0≤x≤1/3) 
nanocrystallites is presented. Up to 33% Cr ion substitution in CeO2 could be achieved 
only by the complexation of Ce(NH4)2(NO3)6 and CrO3 with DETA and simultaneous 
hydrolysis of the complexes in hydrothermal condition at 200 oC. Powder XRD, XPS 
and TEM studies confirm that the compound crystallizes in cubic fluorite structure 
where Ce exist in +4 oxidation state and Cr exist in 4+ and +6 (mixed valance) 
oxidation states in the ratio of 2: 1.  Composition x = 0.33 (Ce2/3Cr1/3O2+δ) showed 
higher OSC (0.33 mol of [O]) than the maximum OSC observed for CeO2-ZrO2 solid 
solutions. Formation and higher OSC of Ce2/3Cr1/3O2+δ is attributed to interaction of 
Ce4+/3+ and Cr3+/4+/6+ redox couples in fluorite structure. The material shows oxygen 
evolution at ~400 oC in air and hence it is a true oxygen storage material. 
               Oxygen evolution property of Ce0.67Cr0.33O2.11 and subsequent generation of 
hydrogen by thermal splitting of water is presented in chapter 4.  Among the ceria 
based oxides, Ce0.67Cr0.33O2.11 being the only compound like UO2+δ to have excess 
oxygen possessing fluorite structure, it releases a large proportion of its lattice oxygen 
(0.167 M [O]/mole of compound) by heating the material under N2 flow at relatively 
low temperature (465 oC) directly and almost stoichiometric amount of H2 (0.152 
M/Mol of compound) is generated at much lower temperature (65 oC) by thermo-
splitting of water. The reversible nature of oxygen release and intake of this material is 
attributed to its fluorite structure and internal coupling between the Ce4+/Ce3+ and 
Cr4+/6+/Cr3+ redox couples.  
                 In chapter 5, we present the hydrothermal synthesis and three-way catalytic 
activity of Ce1-xRuxO2-δ (0≤x≤0.1) nanocrystallites. Powder XRD, Rietveld refinement, 
TEM and XPS reveals that the compounds crystallized in fluorite structure where Ru 
exist in +4 state and Ce in mixed valent (+3, +4) state. Substitution of Ru4+ ion in CeO2 
activated the lattice oxygen and Ce0.9Ru0.1O2-δ can reversibly releases 0.42[O]/mol of 
compound, which is higher than maximum OSC of 0.22 [O]/mol of compound 
observed for Ce0.50Zr0.50O2. Utilization of higher OSC of Ce1-xRuxO2-δ (x = 0.05 and 
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0.10) is also shown by low temperature CO oxidation with these catalysts, both in 
presence/absence of feed oxygen. Ru4+ ion act as active centre for reducing molecules 
(CO, hydrocarbon ‘HC’) and oxide ion vacancy acts as an active centre for O2 and NOx 
in this compound. Ce1-xRuxO2-δ not only act as a high oxygen storage material but it 
also shows high activity towards CO, hydrocarbon ‘HC’ oxidation and NO reduction 
by CO at low temperature with high N2 selectivity for 3-way catalysis.  
            Study of water gas shift reaction over Ce0.95Ru0.05O2-δ catalyst is presented in 
chapter 6. The catalyst showed very high WGS activity in terms of high conversion 
rate (20.5 μmol.g-1.s-1 at 275 oC) and low activation energy (~50.6 kcal/mol). The 
reason for this seems to be high adsorption propensity of CO on Ru4+ ion and easy 
extraction of oxygen from lattice to form CO2. This step creates oxide ion vacancy in 
the catalyst lattice and H2O can adsorb on lattice sites oxygen vacancy and regenerate 
the lattice by releasing H2. Even in presence of externally fed CO2 and H2, complete 
conversion of CO to CO2 was observed with 100 % H2 selectivity with Ce0.95Ru0.05O2-δ 
catalyst in the temperature range of 305-385 oC and no trace of methane formation was 
observed in this temperature range. Catalyst does not deactivate in long duration on/off 
WGS reaction cycle because sintering of noble metal or active sites is avoided in this 
catalyst as Ru4+ ion is substituted in CeO2 lattice. Due to highly acidic nature of Ru4+ 
ion, surface carbonated formation is prohibited. 
                 In chapter 7, synthesis of Ce1-xFexO2-δ (0≤x≤0.45) and Ce0.65Fe0.33Pd0.02O2-δ 
nanocrystallites is presented by sonochemical method. Powder XRD, XPS and TEM 
studies confirm that the compounds of ~4 nm sizes is crystallized in fluorite structure 
where Fe is in +3, Ce is in +4 and Pd is in +2 oxidation state. Due to substitution of 
smaller Fe3+ ion in CeO2, lattice oxygen is activated and Ce0.67Fe0.33O1.835 reversibly 
releases 0.31[O] up to 600 oC which is higher or comparable to the maximum OSC 
observed for CeO2-ZrO2 based solid solutions. Due to internal interaction of Pd2+/0(0.89 
V), Fe3+/2+ (0.77 V) with Ce4+/3+ (1.61 V) redox couples, Pd ion accelerates the electron 
transfer from Fe2+ to Ce4+ in Ce0.65Fe0.33Pd0.02O1.815, making it a high oxygen storage 
material as well as highly active catalyst for CO oxidation and WGS reaction. 
Activation energy for CO oxidation with O2 over Ce0.65Fe0.33Pd0.02O1.815 is found as low 
as 38 kJ/mol.  CO conversion to CO2 is 100% H2 specific in WGS reaction with these 
catalysts. Conversion rate was found as high 27.2 μmol.g-1.s-1 and activation energy 
was found 46.4 kJ/mol for Ce0.65Fe0.33Pd0.02O1.815. 
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                     Only 1-3% Pt, Pd ion can be substituted in CeO2 is by the solution combustion 
method. We show that even up to 10% of Pt and Pd ion can be substituted in CeO2 by 
sonication method.  In chapter 8, we present the sonochemical synthesis redox 
property and methanol electro-oxidation activity of hierarchical Ce1-xMxO2-δ (M = Pt 
and Pd, 0≤x≤0.1) nanocrystallites.  Powder XRD, TEM, SEM and XPS study confirms 
that hierarchical structure compound crystallize in fluorite structure. Pt exists in +4 
state and Ce in mixed valent (+3, +4) state in Ce1-xPtxO2-δ and Pd exist in +2 state and 
Ce in mixed valent (+3, +4) state in Ce1-xPdxO2-δ. Substitution of Pt and Pd ion in CeO2 
activated the lattice oxygen. Hydrogen absorption study show higher H/Pt ratio ~8.1 
and H/Pd ratio ~4.2 in respective oxides. Reversible nature of higher oxygen storage 
capacity or higher H/P, H/Pd ratio is due to  interaction of  redox couples of 
Pt4+/2+(0.91V), Pt2+/0(1.18V), Pd2+/0(0.92V) and Ce4+/3+(1.61V).  Due to participation of 
lattice oxygen, Ce0.95Pt0.05O1.95 and Ce0.95Pd0.05O1.90 have shown higher electro-
oxidation of methanol compared to same moles of Pt in 5%Pt/C. 
                  In chapter 9, we present sonochemical synthesis of Ti1-xPtxO2 (0≤x≤0.1) 
nanocrystallites: a new high capacity anode material for rechargeable Li ion battery. 
Continuing our interest in synthesis of nanomaterials, we thought if we can extend the 
same sonochemical method to synthesize metal ion doped TiO2. Doping of TiO2 with a 
suitable metal ion where dopant redox potential couples with that of titanium (Ti4+) and 
act as catalyst for additional reduction of Ti4+ to Ti2+ (Ti4+ →Ti3+→Ti2+) is envisaged 
here to enhance lithium storage even higher than one Li/TiO2. 10 atom % Pt ion 
substituted TiO2, Ti0.9Pt0.1O2 nanocrystallites of ~4 nm size  was synthesized by 
sonochemical method using diethylenetriamine (DETA) as complexing agent.  Powder 
XRD, Rietveld refinement, TEM and XPS studies reveal that Ti0.9Pt0.1O2 
nanocrystallites crystallize in anatase structure and both Ti and Pt are in 4+ oxidation 
state. Due to Pt4+ ion substitution in TiO2, reducibility of TiO2 was enhanced and Ti4+ 
was reduced up to Ti2+ state via coupling of Pt states (Pt4+/Pt2+/Pt0) with Ti states 
(Ti4+/Ti3+/Ti2+). Galvanostatic cycling of Ti0.9Pt0.1O2 against lithium showed very high 
capacity of 430 mAhg-1 or exchange of ~1.5Li/Ti0.9Pt0.1O2 which is much higher than 
the highest capacity of 305 mAhg-1 or insertion of ~0.9Li/TiO2 achieved for TiO2(B) 
nanowires.   
                   In chapter 10, we present the conclusions and critical review on the study 
of transition metal and noble metal ion substituted CeO2 and TiO2. 
 
